Figure 1. Differential Targeting of mGluR1a, mGluR2, and mGluR7 Expressed in Cultured Hippocampal Neurons
(A and B) mGluR1a is targeted to dendrites and excluded from axons. (A) Neurons were transfected at 1 week in culture with HSV-mGluR1a and immunolabeled 1 day later for mGluR1a (red) and the axonal marker dephospho-tau (green). mGluR1a is targeted to the somatodendritic domain but excluded from the axon (arrow) of this isolated neuron. (B) Neurons were transfected at 2 weeks in culture with two viral vectors, HSV-mGluR1a and HSV-CD8␣, and immunolabeled 1 day later for mGluR1a (red) and CD8␣ (green). Shown is one neuron that happened to be doubly transfected. Whereas both proteins are colocalized in the somatodendritic domain (yellow), the axon is labeled for CD8␣ but not mGluR1a (green, arrows). mGluR1a was excluded from axons in all neurons analyzed. (C-E) mGluR2 is targeted to dendrites and excluded from axons. Neurons at 13-15 days in culture were exposed to HSV-myc-mGluR2 and assessed for surface expression of the encoded myc epitope-tagged mGluR 20 hr later. The apparent health of the neurons, shown in the phase contrast image in (E), was not affected. myc-mGluR2 (C) was targeted to dendrites and excluded from axons. In (D), myc surface labeling (green) is compared with labeling after permeabilization for the dendritic marker MAP2 (red). Yellow indicates the colocalization of myc and MAP2 in the somatodendritic domain. The arrowhead indicates myc label in the proximal axon (green). Extensive axon labeling was not observed, although a complex axon network, some of which presumably originates from the transfected neuron, is visible in the phase contrast image (E). Note that the tips of dendrites and dendritic filopodia also appear green due to the relatively low concentrations of MAP2 in the fine dendrite branches; these were readily distinguishable from labeled axons by the very short extent of the myc label and the presence of detectable MAP2 upon closer inspection of the single-channel images. (F-I) mGluR7 is targeted to both dendrites and axons. Expressed myc-mGluR7 (F) was present on the entire surface of dendrites and axons (arrows). In the double label with MAP2 ([G]: myc in green, MAP2 in red), the labeled dendrites appear yellow and the labeled axon appears as a long interconnected fine caliber process extending far from the cell body (arrows). Many long axon segments appear to originate from the cell body and dendrites, and a single proximal axon cannot be distinguished due to the numerous contacts of this transfected axon with its own cell body and dendrites. At this level of resolution, labeled axons coursing along labeled dendrites are not clearly visible. 
. Confirmation of Surface and C-Terminal Epitopes in Chimeric mGluR Constructs
(A and D) Schematic diagrams, roughly to scale, of mGluR chimera primary structures, with mGluR2 sequence shown in black and mGluR7 sequence in gray. The myc ten amino acid epitope tag (triangle) was inserted in the N-terminal extracellular domains three amino acids past the signal sequence. The seven transmembrane spanning domains are followed by ‫06ف‬ amino acid intracellular C-terminal tails that are most divergent between mGluR family members and that were swapped in the chimeras. (B and C) Expressed myc-mGluR2tail7 was recognized by surface labeling with the myc antibody (B) and labeling after permeabilization with an antibody against the C terminus of mGluR7 (C). Both epitopes give the same distribution pattern, with labeling the full extent of the transfected neuron on the right, and the axon of the transfected neuron in contact with a nontransfected neuron on the left. The endogenous mGluR7 is expressed at lower levels at this stage of development and is not visible in this image. (E and F) Expressed myc-mGluR7tail2 was recognized by surface labeling with the myc antibody (E) and labeling after permeabilization with an antibody against the C terminus of mGluR2 (F). Again, both epitopes gave the same distribution pattern, with labeling of the somatodendritic domain of the transfected cell on the right, and only background labeling of the nontransfected cell on the left. For all constructs examined, myc antibody labeling before or after permeabilization and mGluR C-terminal labeling after permeabilization gave the same polarized distribution patterns. Scale bar, 50 m.
(group I) introduced into pyramidal neurons was tarfrom the axons of transfected pyramidal neurons (Figures 1C-1E ), the same distribution pattern as for mGluR1a. geted to the somatodendritic domain and was excluded from axons ( Figures 1A and 1B) . The polarized distribuThe axon exclusion of mGluR2 was very reproducible in the hippocampal cultures (see Figures 4 and 5 for tion of expressed mGluR1a was apparent in isolated neurons at 1 week in culture as shown by double labeling additional analysis) even though mGluR2 can be found in axons as well as dendrites in other neuron cell types in with the tau-1 antibody for the axonal marker dephospho-tau ( Figure 1A ). This distribution is the same as in vivo (Neki et al., 1996; Ohishi et al., 1998) . myc-mGluR7 (group III) was targeted reproducibly to the full axon the few interneurons in which mGluR1a is endogenously expressed in hippocampal cultures (Craig et al., 1993) length as well as to dendrites of transfected hippocampal pyramidal neurons ( Figures 1F-1I ). Unlike mGluR1a and in other neuron types in vivo (Martin et al., 1992) . Cotransfection of a single neuron with two viral vectors, and mGluR2, mGluR7 is endogenously expressed in hippocampal pyramidal neurons. In hippocampal cultures, one expressing mGluR1a and the other expressing the lymphocyte membrane protein CD8␣, which is targeted endogenous mGluR7 appears to be present in a synaptic pattern (data not shown). In vivo, mGluR7 exhibits a very to axons and dendrites (Craig et al., 1995) , confirmed the differential targeting of these two plasma membrane interesting distribution that is the most concentrated at terminals opposed to a class of interneurons (Shigemoto proteins ( Figures 1A and 1B) , thus validating the expression system. et al., 1996). By expression from the viral vectors at this stage of neuronal development, we have reproduced All further experiments were performed by expression of mGluR2 and mGluR7 and variants with an extracelluthe domain targeting but not the synaptic clustering.
In conclusion, we found two distribution patterns for lar myc epitope tag and were primarily analyzed for surface expression. We transfected neurons at 2 weeks expressed mGluRs, which we refer to as axon exclusion (for mGluR1a and mGluR2) and axon targeting (for in culture to ensure a fully polarized differentiated phenotype. At this stage in development, when axons are mGluR7). All proteins expressed in this study, whether targeted to or excluded from the axon, were targeted to contacting most of the dendrite surface, we found that the dendrite marker MAP2 was most useful for identithe surface of dendrites (see the Discussion for potential common dendrite targeting mechanisms). One possible fying axonal versus dendritic domains; labeled axons were identified as myc-positive, MAP2-negative, long, explanation for axon targeting versus axon exclusion could be nonspecific targeting into the axon due to the fine caliber processes that typically extended far beyond the somatodendritic domain. Epitope-tagged mGluR2 higher expression level of one construct versus another. This was not the case; there was no correlation between (group II) was targeted to the dendrites and excluded 1C-1E) . myc immunofluorescence in the axon of the transfected neuron could not be detected above that of nontransfected neurons. polarity of the distribution of the surface protein and Figure 3B ). Again, the axon exclusion of mGluR7tail2 exclusion (Table 1) . For example, even though the ex-(7.1% of cells showed axon targeting) was as efficient pression level of mGluR7 was slightly lower than that as for full-length mGluR2 (20.0%). Thus, of the ‫009ف‬ of mGluR2, mGluR7 was efficiently targeted to axons, amino acid mGluR primary sequence, the C-terminal whereas mGluR2 was excluded from them.
‫06ف‬ amino acids contain the functional axon targeting and/or axon exclusion signals.
Chimeras Reveal C-Terminal Targeting Domains
To more narrowly define the subcellular targeting sigWhat mediates the axon exclusion of mGluR1a and nals, we generated and analyzed an additional pair of mGluR2 versus the axon targeting of mGluR7? The most chimeras, swapping only the C-terminal ‫03ف‬ amino acids divergent region of primary sequence between mGluR between mGluR2 and mGluR7. The mGluR2tail2/7 chifamily members is the C-terminal cytoplasmic domain. mera, consisting of the mGluR2 backbone, with the We thus began our search for cis-acting targeting sig-C-terminal membrane proximal 27 amino acids of mGluR2 nals by generating and analyzing chimeric tail swap confollowed by the C-terminal distal 33 amino acids of structs between myc-tagged mGluR2 and mGluR7 (FigmGluR7 , was targeted to axons in most cells (Figure ures 2, 3A, and 3B). To test the integrity of the C-terminal 3C). However, the axon targeting was not as efficient epitopes in the chimeric proteins, transfected neurons as for mGluR7 or mGluR2tail7 either qualitatively and were immunolabeled on the cell surface with the myc quantitatively. mGluR2tail2/7 was often targeted only to antibody and, after permeabilization, with mGluR7 or the proximal few hundred micrometers of the axon, and mGluR2 C-terminal antibodies (Figure 2 ). The expressed it was targeted to axons in only 73.9% of the cells commyc-mGluR2tail7 was recognized by cell surface myc pared with 93.3% for mGluR2tail7. The reciprocal chiantibody and, after cell permeabilization, by an antimera mGluR7tail7/2, containing most of mGluR7 with body against the C terminus of mGluR7 (Figures 2A-2C) . the C-terminal 27 amino acids of mGluR2, was most Thus, the C-terminal epitope of mGluR7 formed coroften excluded from the axon ( Figure 3D ). Again, the rectly from the transfected chimeric cDNA. Likewise, smaller C-terminal chimera was not targeted as effiexpression of the reciprocal chimera mGluR7tail2 reciently as the full tail swap chimera. mGluR7tail7/2 ensulted in coexpression of the cell surface myc epitope tered the proximal and midportion of the axon fairly and the intracellular mGluR2 C-terminal epitope in transoften, and it was targeted to axons in 33.5% of the cells fected neurons (Figures 2D-2F ). For all constructs anacompared with only 7.1% for mGluR7tail2. Therefore, lyzed, the expressed proteins were targeted efficiently the C-terminal ‫03ف‬ amino acids of mGluR2 and mGluR7 contain a largely functional targeting signal but not the to the cell surface, and there were no differences in the (C and D) The C-terminal ‫03ف‬ amino acids contain partial axon targeting information. mGluR2tail2/7 (C), consisting of the mGluR2 backbone with the C-terminal membrane proximal 27 amino acids of mGluR2 followed by the C-terminal distal 33 amino acids of mGluR7, was targeted to axons (arrows) in most cells, as in the example shown here, but the extent of axon labeling was often less than for mGluR2tail7. The reciprocal chimera, mGluR7tail7/2 (D), most often showed axon exclusion or targeting to only the proximal portion of the axon (arrowhead), as in the example shown. (E and F) Truncation constructs reveal that the C-terminal domains of both mGluRs contain targeting information. mGluR2STOP (E), truncated six amino acids after the seventh transmembrane domain, exhibited significant axon targeting (arrows). Thus, loss of the mGluR2 C terminus resulted in loss of axon exclusion. mGluR7STOP (F), truncated six amino acids after the seventh transmembrane domain, was excluded from axons. myc immunofluorescence in the axon of the transfected neuron could not be detected above that of nontransfected neurons. Thus, loss of the mGluR7 C terminus resulted in loss of axon targeting. (G and H) Insertion constructs reveal that the mGluR7 C-terminal axon targeting signal is dominant and can function either at the C terminus or internally. mGluR2tail2tail7 (G), full-length mGluR2 with the mGluR7 tail added at the C terminus, was targeted efficiently to axons (arrows). Likewise, mGluR2tail7tail2 (H), full-length mGluR2 with the mGluR7 65 amino acid tail inserted internally after the seventh transmembrane domain, was also targeted efficiently to axons (arrows). (Figures 6A and 6C; 0.7% of cells showed axon  targeting) . Addition of the 65 amino acid mGluR7 tail sequence to the C terminus of full-length tln dramatically altered its targeting; tln-tail7 could now be detected at high levels all along the length of axons as well as dendrites (Figures 6B and 6C; 77% of cells showed  axon targeting) . Thus, addition of the mGluR7 C-terminal sequence redirected the targeting of the unrelated protein tln to axons of cultured hippocampal neurons.
Discussion
This is the first study to our knowledge to analyze a native neuronal plasma membrane protein family for axon/dendrite targeting signals. We show here that group I mGluR1a and group II mGluR2 are targeted to dendrites and excluded from axons, whereas group III mGluR7 is targeted to the axons and dendrites of trans- not exclusively on the distal ‫03ف‬ amino acids. Both C-terminal regions contain essential targeting signals; mGluR2 C terminus is required for axon exclusion, and of mGluR2, and the tail of mGluR7, which is necessary mGluR7 C terminus is required for axon targeting of the for the axon targeting of mGluR7. Are these signals not native proteins. The mGluR7 C terminus is dominant only necessary but sufficient? Moreover, since both canand can induce axonal targeting of full-length mGluR2, not be sufficient in the sense that both cannot function whether inserted at the extreme C terminus or proximal simultaneously in a single construct, which signal is to the membrane. General dominance of the mGluR7 dominant? To answer this question, we generated and axon targeting module was shown by the ability of this analyzed constructs containing both tails in both oriensequence to redirect targeting of the unrelated somatotations. mGluR2tail2tail7, the full-length mGluR2 with dendritic protein tln to the axon. The mGluR7 C terminus the 65 amino acid mGluR7 cytoplasmic tail added at the is the first identified cytoplasmic axon targeting signal C terminus, was targeted to axons ( Figure 3G ). Likewise, and may be generally useful for redirecting any dendritic mGluR2tail7tail2, the full-length mGluR2 with the 65 membrane protein to axons. amino acid mGluR7 cytoplasmic tail added internally immediately following the seventh transmembrane domGluR C Termini: Novel Targeting Signals main of mGluR2, was targeted to axons ( Figure 3H There were low levels of additional intracellular labeling mainly in used to insert the myc epitope (EQKLISEEDL) three amino acids the cell body of neurons and primarily in a pattern typical of the past the signal sequence of mGluR2 and mGluR7 and to generate Golgi complex in the Vero cells. One other chimera was made by all chimeric, deletion, and insertion constructs. For example, to gentransferring only the middle third of the tail of mGluR7 into mGluR2; it erate mGluR2tail7, PCR was used to produce two products. One did not efficiently reach the cell surface, presumably due to incorrect PCR reaction used mGluR2 as a template, using primers selected folding, and was not analyzed further. For all constructs analyzed, past a unique restriction site upstream of the seventh transmemthere were no differences in the polarity of the distribution of the brane domain to the joint with mGluR7; the other used mGluR7 as expressed protein for surface labeling versus labeling after permea template from the joint to the end of the coding region and added abilization. another unique restriction site downstream. These products, designed to contain a 20 bp sequence overlap, were mixed together Microscopy and Quantitation and allowed to prime off of each other; the outside primers were Images were captured on a Zeiss Axioskop with a 40ϫ 1.3 NA lens then added to generate a complete PCR product, which was cut and a Photometrics Series 200-cooled CCD camera with Oncor with the two unique restriction enzymes for replacement into the Image software. Composite images were prepared in Adobe Phooriginal cDNA plasmid of myc-mGluR2. Compositions of constructs toshop. Line tracings were generated in Photoshop by manually are listed with amino acid numbers from the published sequence, tracing over the composite images in layers. For Figures 5 and 6C , including the signal peptide but not the ten amino acid myc tag transfected cells (myc-positive or tln-positive) were scored for the (for reference, the seventh transmembrane domain for mGluR2 is presence or absence of a labeled axon. For each experiment, covpredicted to be 795-819 and for mGluR7, 826-850): mGluR2tail7 erslips were scanned, and all isolated transfected neurons were (mGluR2, 1-820; mGluR7, 851-915), mGluR7tail2 (mGluR7, 1-850; scored until n ϭ 50. Axon labeling was defined as a detectable tln mGluR2, 821-872), mGluR2tail2/7 (mGluR2, 1-845; mGluR7, label or surface myc label on MAP2-negative processes. In many 883-915), mGluR7tail7/2 (mGluR7, 1-882; mGluR2, 846-872), cells, the proximal 50 m of axon often contained detectable MAP2 mGluR2STOP (mGluR2, 1-825), mGluR7STOP (mGluR7, 1-856) , and myc or tln label; if the myc or tln label did not extend farther mGluR2tail2tail7 (mGluR2, 1-872; GAG linker; mGluR7, 851-915), into the axon, such cells were scored as lacking axonal label. For mGluR2tail7tail2 (mGluR2, 1-820; mGluR7, 851-915; GAG linker; the quantitation of relative expression level in Table 1 , images of mGluR2, 821-872), and tln-tail7 (tln, 1-912; mGluR7, 851-915). Setransfected cells for each construct were taken from the same culquences were confirmed by the University of Illinois Biotechnology ture preparation, which was transfected and immunolabeled simulCenter. HSV-1 was made as described (Ho, 1994; Craig, 1998 
Rat hippocampal neurons were transfected with expression constructs for rabbit tln (A) or full-length rabbit tln with the C-terminal addition of the 65 amino acid mGluR7 tail (tln-tail7, [B]) and immunolabeled with a species-specific antibody against the expressed tln construct (green) and the dendritic marker MAP2 (red). Yellow, indicating colocalization of expressed protein with MAP2 in dendrites, was observed for both tln and tln-tail7, whereas extensive green staining along fine caliber processes indicating axon labeling was generally observed for tln-tail7 (arrows in [B]) but not for tln. The graph (C) indicates the percentage of neurons exhibiting axonal labeling for each construct (mean Ϯ
SEM
